Abstract: A mixture of Al burrs of Al high-pressure die-castings and a blowing agent powder was used to fabricate Al foam-filled steel tubes by friction stir back extrusion (FSBE). It was shown that the mixture can be sufficiently consolidated to form an Al precursor that is coated on the inner surface of a steel tube by the plastic flow generated during FSBE. Namely, a precursor coated steel tube can be fabricated from Al burrs by FSBE. By heat treatment of the precursor coated steel tube, an Al foam-filled steel tube can be fabricated. Al foam was sufficiently filled in the steel tube, and the porosity was almost homogeneously distributed in the entire sample. In compression tests of the samples, the Al foam-filled steel tube fabricated from Al burrs exhibited similar compression properties to an Al foam-filled steel tube fabricated from the bulk Al precursor. Consequently, it was shown that an Al foam-filled steel tube cost-effectively fabricated from Al burrs by FSBE compares favorably with an Al foam-filled steel tube fabricated from the bulk Al precursor.
Introduction
Composite structures consisting of a dense metallic tube filled with aluminum (Al) foam have attracted interest in various industrial fields owing to their light-weight and good energy absorption properties [1, 2] . Generally, Al foam-filled metallic tubes have been fabricated by simply placing Al foam into a metallic tube with a gap between the Al foam and the metallic tube, which adversely affects the mechanical properties of the tube [3, 4] . Hamada et al. and Toksoy et al. demonstrated that bonding between the Al foam and Al tube with adhesives resulted in superior absorption properties to those without any bonding [3, 5] . Bonaccorsi et al. fabricated an Al foam-filled steel tube with metal bonding between the Al foam and steel tube by foaming a precursor in the steel tube [6] . The precursor was a solid Al homogeneously containing blowing agent [7, 8] . Duarte et al. fabricated an Al foam-filled Al tube with metal bonding between the Al foam and Al tube by foaming a precursor in the Al tube [9] .
Friction stir back extrusion (FSBE) has been developed for coating wear-resistant Al-25%Si on the surface of an Al-Si-Cu alloy AC2B engine cylinder [10] , and for fabricating Al tubes and copper tubes with a fine grain structure from bulk starting materials [11, 12] . Hangai et al. developed a fabrication process for Al foam-filled steel tubes [13, 14] and Al foam-filled Al tubes [15, 16] by FSBE. In this process, a bulk Al precursor was placed into a metal tube; then a rotating tool was plunged onto the precursor. The generated friction heat between the rotating tool and precursor softened the precursor, then the plastic flow of the precursor occurred, causing it to fill the space between the rotating tool and the Figure 1 shows Al burrs used to fabricate the Al foam of the Al foam-filled steel tube. The Al burrs were from Al-Si-Cu alloy ADC12 (equivalent to A383.0 Al alloy) die-castings. Figure 1a shows a scanning electron microscope (JEOL Ltd., Tokyo, Japan) image of the ADC12 burrs in powder form. As received ADC12 burrs were sieved with a mesh size of 180 µm to remove the impurities and for easy mixing with the blowing agent powder. Figure 1b shows the ADC12 burrs in round-plate form. Relatively thick (approximately 0.2 mm thickness) ADC12 burrs were cut into a circular shape with a diameter of 18 mm.
Metals 2019, 9, x FOR PEER REVIEW 2 of 11 rotating tool and the metal tube, resulting in the coating of the precursor on the surface of the metal tube. The plastic flow induced the exposure of the new surface of the precursor and metal tube, realizing strict contact between them. Heat treatment of the precursor resulted in the foaming of the precursor, which filled the tube and bonded to the tube with metallic bonding. A bilayer tube consisting of an outer Al foam and an inner Al tube can also be fabricated by a similar process [17] . A reduction in cost and the high recyclability of Al foam-filled metal tubes can be expected by using Al chip waste from industrial production [18, 19] . Consolidation of Al chips has been attempted by hot extrusion [18, 19] , compression torsion processing [20, 21] , friction extrusion [22] , friction consolidation [23] [24] [25] , screw extrusion [26] , and FSBE [27] . Among these processes, FSBE can fabricate an Al tube directly from Al chips and realize strict contact with an outer metal tube.
In this study, a mixture of Al burrs of Al high-pressure die-castings and a blowing agent powder was used to fabricate Al foam-filled steel tubes by FSBE. It was expected that a foamable precursor would be fabricated by consolidating the mixture by the plastic flow generated during FSBE, along with the coating of the precursor on the inner surface of the steel tube. By heat treatment of the precursor coated steel tubes, Al foam-filled steel tubes were obtained. The pore structures of the inner Al foam were nondestructively observed to determine whether sufficient foaming occurred, and the pores were found to be homogeneously distributed in the whole specimen. Thereafter, compression tests of the obtained Al foam-filled steel tubes were conducted to determine whether similar mechanical properties to those of an Al foam-filled tube fabricated from the bulk Al precursor could be obtained. Figure 1 shows Al burrs used to fabricate the Al foam of the Al foam-filled steel tube. The Al burrs were from Al-Si-Cu alloy ADC12 (equivalent to A383.0 Al alloy) die-castings. Figure 1a shows a scanning electron microscope (JEOL Ltd., Tokyo, Japan) image of the ADC12 burrs in powder form. As received ADC12 burrs were sieved with a mesh size of 180 μm to remove the impurities and for easy mixing with the blowing agent powder. Figure 1b shows the ADC12 burrs in round-plate form. Relatively thick (approximately 0.2 mm thickness) ADC12 burrs were cut into a circular shape with a diameter of 18 mm. Figure 2a , ADC12 burrs in powder form and a blowing agent powder were mixed. TiH2 powder (< 45 μm) was used as the blowing agent. The amount of TiH2 was one mass% relative to the mass of ADC12 burrs in accordance with reference [13] . As shown in Figure 2b , the mixture was placed in a SUS304 stainless-steel tube fixed by a steel jig. The steel tube had a diameter of 20 mm, a thickness of 0.2 mm, and 40 mm height. Then, five ADC12 burrs in round-plate form were laminated on top of the mixture in the steel tube to prevent the mixture from scattering during FSBE. As shown in Figure  2c , a rotating tool was plunged from above until the tip of the tool reached 3 mm above the bottom of the steel tube using friction stir welding machine (Hitachi Setsubi Engineering Co., Ltd., Hitachi, Japan). The rotation speed and plunging rates were 1500 rpm and 4 mm/min, respectively. The tool Figure 2a , ADC12 burrs in powder form and a blowing agent powder were mixed. TiH 2 powder (<45 µm) was used as the blowing agent. The amount of TiH 2 was one mass% relative to the mass of ADC12 burrs in accordance with reference [13] . As shown in Figure 2b , the mixture was placed in a SUS304 stainless-steel tube fixed by a steel jig. The steel tube had a diameter of 20 mm, a thickness of 0.2 mm, and 40 mm height. Then, five ADC12 burrs in round-plate form were laminated on top of the mixture in the steel tube to prevent the mixture from scattering during FSBE. As shown in Figure 2c , a rotating tool was plunged from above until the tip of the tool reached 3 mm above the bottom of the steel tube using friction stir welding machine (Hitachi Setsubi Engineering Co., Ltd., Hitachi, Japan). The rotation speed and plunging rates were 1500 rpm and 4 mm/min, respectively. The tool was made of tool steel with a diameter of 16 mm and had a flat bottom. The mixture was consolidated by loading the tool and the plastic flow of the mixture, resulting in the formation of a precursor and the coating on the inner surface of the steel tube. The temperature during the plunging of the tool was obtained by a K-type thermocouple placed at half the height of the steel tube and 2 mm from its surface. As shown in Figure 2d , the upper and lower parts of the obtained precursor coated steel tube were machined by wire electrical discharge machining, then the entire tube was foamed by heat treatment in an electric furnace previously held at 675 • C for 6.5-7.0 min. Then, as shown in Figure 2e , an Al foam-filled steel tube was obtained. The upper and lower parts of the obtained Al foam-filled steel tube were machined by wire electrical discharge machining to obtain a compression test specimen with 20 mm diameter and 20 mm height. Fourteen compression test specimens were obtained. In addition, similar compression test specimens were fabricated from a bulk Al precursor, which was fabricated by the friction stir welding route [28, 29] , by the same process as above using FSBE.
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Metals 2019, 9, x FOR PEER REVIEW 3 of 11 was made of tool steel with a diameter of 16 mm and had a flat bottom. The mixture was consolidated by loading the tool and the plastic flow of the mixture, resulting in the formation of a precursor and the coating on the inner surface of the steel tube. The temperature during the plunging of the tool was obtained by a K-type thermocouple placed at half the height of the steel tube and 2 mm from its surface. As shown in Figure 2d , the upper and lower parts of the obtained precursor coated steel tube were machined by wire electrical discharge machining, then the entire tube was foamed by heat treatment in an electric furnace previously held at 675 °C for 6.5-7.0 min. Then, as shown in Figure  2e , an Al foam-filled steel tube was obtained. The upper and lower parts of the obtained Al foamfilled steel tube were machined by wire electrical discharge machining to obtain a compression test specimen with 20 mm diameter and 20 mm height. Fourteen compression test specimens were obtained. In addition, similar compression test specimens were fabricated from a bulk Al precursor, which was fabricated by the friction stir welding route [28, 29] , by the same process as above using FSBE. 
Evaluation of Pore Structures
The pore structures of the compression test specimens were nondestructively observed by a microfocus X-ray CT system (Shimadzu Corporation, Kyoto, Japan) at room temperature in accordance with reference [30] . The X-ray source was tungsten. A cone-beam CT system, where only one rotation of the specimen is required to obtain a set of cross-sectional X-ray CT images with the slice pitch equal to the length of one pixel in the CT image, was employed. The number of slices was about 450. The voltage and current of the X-ray tube were 80 kV and 30 μA, respectively. The equivalent length of a pixel was approximately 74 μm.
The porosity (volume fraction of pores) p (%) of the Al foam part of each compression test specimen was evaluated as follows. First, the density of the Al foam part ρf was evaluated as 
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where m FFT and V FFT are the mass and volume of the compression test specimen, respectively, which were obtained from the measured weight and dimensions of the specimen. m tube and V tube are the mass and volume of the steel tube part of the compression test specimen, respectively. Then, p was evaluated as
where ρ i is the density of the precursor without the tube before foaming, for which the density of ADC12 Al alloy [31] was used.
Compression Tests
Compression tests of the obtained Al foam-filled steel tubes were conducted using a universal testing machine (Shimadzu Corporation, Kyoto, Japan). The compression rate was 4 mm/min in accordance with reference [32] . The compression stress was obtained by dividing the compression load by the area of the circle equivalent to the outer diameter of the Al foam-filled steel tube. Figure 3 shows typical relationships obtained between torque N and time t and between temperature T and time t. t = 0 was defined as the time when the tool first came in contact with the ADC12 burrs in the round-plate form. As the indentation of the tool increased, the ADC12 burrs were densified, and plastic flow occurred. It has been reported that the filling of the Al between the rotating tool and tube occurs from the upper part, which is softened by the friction heat generated between the rotating tool and the Al precursor [15] . It is considered that plastic flow occurred in the vicinity of the tool where friction heat was generated. The torque and temperature gradually increased in this stage. At around t = 5 min, the torque increased rapidly. The temperature exhibited a similar tendency except with a small delay due to the time for the generated heat to be transferred to the thermocouple. In this stage, densification of the ADC12 burrs had finished, and only plastic flow occurred, resulting in a rapid increase in the resistance force and temperature. Similar tendencies were observed for all other samples, and the maximum temperatures of all the samples were between 350 and 415 • C. Also, similar tendencies were observed for the samples using the bulk Al precursor. These temperatures are much lower than the solidus temperature of ADC12 (515 • C [31] ), at which the foaming of the precursor begins [33, 34] . It has been demonstrated that the decomposition of TiH 2 gradually occurs between 390 and 920 • C [35] , 427 and 850 • C [36] , and 440 and 800 • C [37] . In the FSBE process, it is assumed that little decomposition of TiH 2 occurred because the temperature of the precursor reached these reported decomposition temperatures for only a limited time. Therefore, almost all the TiH 2 remained without decomposition.
Results and Discussion
Time-Temperature Relationship during FSBE
are much lower than the solidus temperature of ADC12 (515 °C [31] ), at which the foaming of the precursor begins [33, 34] Figure 4a shows the as-fabricated precursor coated tube. It was shown that the ADC12 burrs were sufficiently consolidated except in the upper part of the tube. The upper part of the tube was subjected to a less plastic flow during FSBE, resulting in insufficient consolidation of the ADC12 burrs. These parts were machined before foaming as shown in Figure 4b . Figure 4c shows a cross-section of the machined precursor before foaming, and Figure 4d shows an enlarged image of the bonding region of Figure 4c . It was shown that the ADC12 burrs were sufficiently consolidated to form the precursor and were coated on the surface of the tube without a gap between the tube and precursor by the load of the tool and the intense plastic flow during the FSBE. Figure 4a shows the as-fabricated precursor coated tube. It was shown that the ADC12 burrs were sufficiently consolidated except in the upper part of the tube. The upper part of the tube was subjected to a less plastic flow during FSBE, resulting in insufficient consolidation of the ADC12 burrs. These parts were machined before foaming as shown in Figure 4b . Figure 4c shows a crosssection of the machined precursor before foaming, and Figure 4d shows an enlarged image of the bonding region of Figure 4c . It was shown that the ADC12 burrs were sufficiently consolidated to form the precursor and were coated on the surface of the tube without a gap between the tube and precursor by the load of the tool and the intense plastic flow during the FSBE. Figure 6 shows the relationship between the porosity and foaming time of all the compression test specimens. The figure indicates that vigorous foaming occurred between 6.5 min and 7.0 min. In previous studies on the foaming of ADC12 precursor [33, 34] , it was demonstrated that the precursor started to foam once the precursor temperature exceeded the solidus temperature and gradually foamed between the solidus and liquidus temperatures. Then, vigorous foaming occurred once the precursor temperature exceeded the liquidus temperature. Although some variation among the porosities appeared at a foaming time of 6.5 min owing to the difficulty of obtaining the same foaming behavior for each specimen using an electric furnace, a foaming time of around 7.0 min induced sufficient foaming for the precursor temperature of all the samples to exceed the liquidus temperature. Figure 6 shows the relationship between the porosity and foaming time of all the compression test specimens. The figure indicates that vigorous foaming occurred between 6.5 min and 7.0 min. In previous studies on the foaming of ADC12 precursor [33, 34] , it was demonstrated that the precursor started to foam once the precursor temperature exceeded the solidus temperature and gradually foamed between the solidus and liquidus temperatures. Then, vigorous foaming occurred once the precursor temperature exceeded the liquidus temperature. Although some variation among the porosities appeared at a foaming time of 6.5 min owing to the difficulty of obtaining the same foaming behavior for each specimen using an electric furnace, a foaming time of around 7.0 min induced sufficient foaming for the precursor temperature of all the samples to exceed the liquidus temperature. Figure 7 shows the porosity distributions of the compression test specimens shown in Figure 5c ,d in the height direction for foaming times of 6.5 min (p = 79.3%) and 7.0 min (p = 90.2%), respectively, which were evaluated using X-ray CT images such as shown in Figure 5e ,f by image processing software. Although there were a few large pores, the Al foam sufficiently filled the tube with an almost homogeneous porosity distribution throughout the entire specimen, especially for the sample foamed for 7.0 min, which exhibited sufficient foaming of the precursor. The variation of the porosity and the existence of large pores are considered to be due to the insufficient distribution of the foaming agent compared with that in the bulk precursor because it was difficult to homogeneously mix the ADC12 burr and TiH 2 powders with different particle sizes. Also, slight segregation occurred during the insertion of the mixture into the tube and during the FSBE. This may be prevented by using ADC12 burr particles with a similar size to that of TiH 2 . Figure 7 shows the porosity distributions of the compression test specimens shown in Figure  5c ,d in the height direction for foaming times of 6.5 min (p = 79.3%) and 7.0 min (p = 90.2%), respectively, which were evaluated using X-ray CT images such as shown in Figure 5 e,f by image processing software. Although there were a few large pores, the Al foam sufficiently filled the tube with an almost homogeneous porosity distribution throughout the entire specimen, especially for the sample foamed for 7.0 min, which exhibited sufficient foaming of the precursor. The variation of the porosity and the existence of large pores are considered to be due to the insufficient distribution of the foaming agent compared with that in the bulk precursor because it was difficult to homogeneously mix the ADC12 burr and TiH2 powders with different particle sizes. Also, slight segregation occurred during the insertion of the mixture into the tube and during the FSBE. This may be prevented by using ADC12 burr particles with a similar size to that of TiH2. Figure 7 shows the porosity distributions of the compression test specimens shown in Figure  5c ,d in the height direction for foaming times of 6.5 min (p = 79.3%) and 7.0 min (p = 90.2%), respectively, which were evaluated using X-ray CT images such as shown in Figure 5 e,f by image processing software. Although there were a few large pores, the Al foam sufficiently filled the tube with an almost homogeneous porosity distribution throughout the entire specimen, especially for the sample foamed for 7.0 min, which exhibited sufficient foaming of the precursor. The variation of the porosity and the existence of large pores are considered to be due to the insufficient distribution of the foaming agent compared with that in the bulk precursor because it was difficult to homogeneously mix the ADC12 burr and TiH2 powders with different particle sizes. Also, slight segregation occurred during the insertion of the mixture into the tube and during the FSBE. This may be prevented by using ADC12 burr particles with a similar size to that of TiH2. Figure 8 shows the deformation behavior of the fabricated Al foam-filled steel tubes with p = 79.3% and p = 90.2%, respectively, which are shown in Figure 5c ,d during the compression test, along with that of the tube fabricated from the bulk Al precursor with p = 84.5% by FSBE in accordance with Ref. [13] . The three black lines on the surface of the samples perpendicular to the compression direction were marks made to easily observe the deformation behavior. It was found that the deformation occurred layer by layer. Little difference was observed in the deformation behavior between the Al foams with different porosities, although the number of buckling folds were different. This difference is because the lower-porosity Al foam expanded in the width direction as the deformation increased. In contrast, the higher-porosity Al foam deformed with little expansion in the width direction. The deformation behavior was similar for the other specimens fabricated in this study, including those fabricated from the bulk Al precursor.
Obtained Al Foam-Filled Steel Tube
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were marks made to easily observe the deformation behavior. It was found that the deformation occurred layer by layer. Little difference was observed in the deformation behavior between the Al foams with different porosities, although the number of buckling folds were different. This difference is because the lower-porosity Al foam expanded in the width direction as the deformation increased. In contrast, the higher-porosity Al foam deformed with little expansion in the width direction. The deformation behavior was similar for the other specimens fabricated in this study, including those fabricated from the bulk Al precursor. Figure 9 shows the stress σ -strain ε curves of the fabricated Al foam-filled steel tubes with p = 79.3% and p = 90.2%; along with that of the tube fabricated from the bulk Al precursor with p = 84.5%, whose deformation behavior is shown in Figure 8 . An elastic region in the early stage of the σ-ε curves, where σ rapidly increased to an initial maximum stress was observed. Then, a plateau region exhibiting an appropriately constant or slightly increasing σ was observed as ε increased. Then, a densification region where σ rapidly increased was observed. The increases and decreases in σ in the plateau region were observed when the folds were generated. These σ-ε curves were also observed for other specimens fabricated in this study regardless of the porosity. Figure 9 shows the stress σ -strain ε curves of the fabricated Al foam-filled steel tubes with p = 79.3% and p = 90.2%; along with that of the tube fabricated from the bulk Al precursor with p = 84.5%, whose deformation behavior is shown in Figure 8 . An elastic region in the early stage of the σ-ε curves, where σ rapidly increased to an initial maximum stress was observed. Then, a plateau region exhibiting an appropriately constant or slightly increasing σ was observed as ε increased. Then, a densification region where σ rapidly increased was observed. The increases and decreases in σ in the plateau region were observed when the folds were generated. These σ-ε curves were also observed for other specimens fabricated in this study regardless of the porosity. . Figure 9 . Stress-strain curves for the specimens in Figure 8 . Figure 10 shows the plateau stress σpl-porosity p and energy absorption per unit volume EVporosity p relationships for all the samples including those fabricated from the bulk Al precursor. σpl was defined as the average σ for ε = 0.2-0.3 in the σ-ε curves and EV was defined as the area under the σ-ε curves for ε = 0-0.5 in accordance with Ref. 32 . It was found that σpl and EV decreased as p increased. This tendency was also observed for the samples fabricated from the bulk Al precursor. Figure 10 shows the plateau stress σ pl -porosity p and energy absorption per unit volume E Vporosity p relationships for all the samples including those fabricated from the bulk Al precursor. σ pl was defined as the average σ for ε = 0.2-0.3 in the σ-ε curves and E V was defined as the area under the σ-ε curves for ε = 0-0.5 in accordance with Ref. 32 . It was found that σ pl and E V decreased as p increased. This tendency was also observed for the samples fabricated from the bulk Al precursor. Consequently, it was shown that Al foam-filled steel tubes can be fabricated from ADC12 burrs that exhibit almost the same compression properties as Al foam-filled steel tubes fabricated from the bulk Al precursor when the porosity of the Al foam part is the same.
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Conclusions
In this study, a mixture of ADC12 burrs of Al high-pressure die-castings and a blowing agent powder was used to fabricate Al foam-filled steel tubes by FSBE. The experimental results led to the following conclusions. 
In this study, a mixture of ADC12 burrs of Al high-pressure die-castings and a blowing agent powder was used to fabricate Al foam-filled steel tubes by FSBE. The experimental results led to the following conclusions.
(1) A mixture of ADC12 burrs and a blowing agent can be sufficiently consolidated to form a precursor that is coated on the inner surface of a steel tube by FSBE. Namely, a precursor-coated steel tube can be fabricated from ADC12 burrs by FSBE.
(2) An Al foam-filled steel tube can be fabricated by heat treatment of the precursor coated steel tube. Al foam was sufficiently filled in the steel tube, and the porosity was almost homogeneously distributed in the entire sample.
(3) The Al foam-filled steel tube fabricated from ADC12 burrs exhibited similar compression properties to an Al foam-filled steel tube fabricated from the bulk Al precursor.
Consequently, it was shown that an Al foam-filled steel tube can be cost-effectively fabricated from Al burrs by FSBE and compares favorably with an Al foam-filled steel tube fabricated from the bulk Al precursor.
